Merkel cells, discovered by Friedrich Sigmund Merkel in 1875, are found in multiple regions of the skin and some mucosa and make contact with specialized nerve fibers, participating in the perception of touch. However, Merkel cells have thus far not been described on the ocular surface. The purpose of this study was to investigate the distribution and ultrastructure of Merkel cells on the ocular surface and study changes in their number and ultrastructure after corneal epithelial wounding. Entire mouse ocular surfaces were obtained and stained by antibodies and tracking dye on fixed whole-mount specimens. The distribution and ultrastructure of specific fluorescence-positive cells were analyzed using deconvolution microscopy and transmission electron microscopy (TEM), respectively. The corneal epithelial wound-healing model was employed to observe the ultrastructural changes of these CK8-positive cells. We found that CK8-positive cells and FM1-43-positive cells were mainly located in the stromal layer, but not in the epithelial basal layer, of the forniceal conjunctiva. Our TEM results indicate that these cells possess the unique characteristic structures of Merkel cells, including electron-dense membrane-surrounded granules and spine-like protrusions of variable lengths, and demonstrate the formation of Merkel cell-neurite complexes. After corneal epithelial wounding, these cells exhibited rapid cell shrinkage and nuclear lobulation. Thus, Merkel-like cells were found in the conjunctival stroma of the ocular surface and may play an important role in maintaining the normal physiological function of the ocular surface.
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Introduction
Merkel cells, first described by Fredrich S. Merkel, are mostly located in the basal layer of the epidermis in distinct areas of hairy mammalian skin 1 . Merkel cells have also been shown in vertebrates and cyclostomes 2 and can be widely found in hairy skin, the eccrine glandular ridges of the glabrous skin (palms and soles), ectodermderived mucosal tissues (palatine mucosa), and whisker pads or taste buds 3, 4 . Merkel cells are generally classified into two distinct subpopulations based on whether or not they are associated with nerves. Those that are associated with nerves are referred to as the Merkel cell-nerve complexes and have mechanoreceptive and chemo-sensitive functions. Those that do not associate with nerves possess endocrine functions [4] [5] [6] . Recent studies have shown that Merkel cells are important in light-touch responses and can work as neurotransmitters, it is suggested that Merkel cells are essential for the perception of space experienced by individuals 7 .
However, Merkel cells have, thus far, not been described on the ocular surface. In this study, we investigated the distribution and ultrastructure of Merkel cells on the ocular surface and revealed a morphological basis for further study of the function of Merkel cells on the ocular surface.
Materials and methods
Animals Fifty C57BL/6 male mice were approved by the Experimental Animal Center of Sun Yet-Sen University and housed individually in plastic cages (35×25×15 cm) with sawdust as bedding. Animals were kept at ambient temperature of 25°C with 14L/10D light cycle, and were offered mice feed and water available ad libitum when they were not undergoing experimentation. All animal procedures were carried out with ethical permission and in accordance with the guidelines described in the Association for Research in Vision and Ophthalmology (ARVO) Statement for the Use of Animals in Vision and Ophthalmic Research and the guidelines of the Animal Experimental Committee at Ji Nan University. All of the mice used in this study were 6-8 weeks old and did not suffer from eye disease.
Whole-mount and immunofluorescence
Tissue specimens of the entire ocular surfaces, including the cornea and the conjunctiva up to the mucocutaneous junction, were dissected as previously described 8 . In brief, the intact eye was dissected together with the eyelids and fixed with freshly prepared 2% paraformaldehyde (Beyotime Institute of Biotechnology, China) in PBS. The eyelids were then turned inside out to expose the entire ocular surface. Next, the eye was cut and divided into a superior and an inferior portion. The muscle and other accessory tissues were carefully removed under a stereoscopic microscope (XZ6, Olympus, Japan). Subsequently, the tissue samples were washed in PBS three times, blocked with 2% BSA (GBC, China) in PBS for 15 minutes at room temperature, and permeabilized with 10% Triton X-100 (Guoao, China) in 2% BSA for 15 minutes, prior to incubation with rat anti-mouse Troma-1 antibody (DSHB, USA, Code No. SP2/0) 1:50 for 48 hours at 4°C. The tissue samples were then washed in PBS three times, incubated with the secondary FITCDnk Anti-Rat IgG antibody (Jackson ImmunoResearch Laboratories, West Grove, PA, Code No. 712-096-150) 1:100 for 30 minutes, and washed three times again prior to visualization. To flatten the specimen, the eyelids were removed and the specimen was placed epithelial side up and mounted with Fluorescent Mounting Media (Beyotime Institute of Biotechnology, China), which contains 4´, 6-diamidino-2-phenylindole (DAPI) (Sigma-Aldrich, Code No. D9564-10MG). The whole-mounts were imaged using the DeltaVision Core system (Applied Precision, USA).
Double immunofluorescence labeling on frozen sections
The eyes of the mice were dissected as described above, then embedded in optimal cutting temperature (O.C.T) (Sakura Finetek, Japan, Code No. 4583), frozen at -80°C in the refrigerator freezer for 30 minutes, and sliced into 5µm thick sections, using a cryostat microtome (Leica, CM1900). The tissue sections were incubated with Troma-1 and FITC-IgG as previously described, and washed in PBS three times, the tissues were stained with mouse anti-mouse 
Transmission electron microscopy examination
The eyes were dissected together with the eyelids 8 , placed in PBS, and processed as previously described. After separating the eye into a superior and an inferior portion, samples were cut from the cornea to the conjunctiva in 1 mm segments. A portion of these tissues was fixed in 2.5% glutaraldehyde (Pelco, USA, Code No. 18426) for 4 hours, washed in PBS three times (each time 15 minutes), then fixed in 1% osmic acid (Pelco, USA, Code No. 18456) for 15 minutes, after washed in PBS three times, then tissues were dehydrated with a graded ethanol series, consisting of 50%, 70%, 80%, 90% and 100% ethanol at 10 minutes each. Tissues were then incubated in a 1:1 mix of 100% ethanol: Epon812 (Pelco, USA, Code No. 18010) for 2 hours and then rinsed twice with Epon812, for 1 hour each time. Tissues placed onto a mold filled with Epon812. The assembly was inserted into a vacuum chamber and placed in a 60°C oven for 24 hours, then tissues were sliced into ultrathin sections with ultramicrotome (LKB2088, Sweden), as required for transmission electron microscopy (TEM) sample preparation 5 . The slices were then stained with 1%~2% uranyl acetate (Electron Microscopy Sciences, USA, Code No. 22400) and lead citrate (Sigma, USA, Code No. 6132-04-3). The remaining portion of the tissues was processed according to the method previously described for immunofluorescence, by washing with PBS three times, then similarly processed for TEM but was not stained with uranyl acetate and lead citrate. All of the TEM slices were examined by using a PHILIP5-TECNAI 10 electron microscope (PHILIP5-TECNAI 10, The Netherlands, Philips).
Staining with the FM1-43 dye in vivo Twenty mice were intraperitoneally injected with 0.5 ml of FM1-43 (Invitrogen, USA, Code No. F-35355) (10 µg/ml) dissolved in high-potassium (20 mM) Hanks' solution (Beyotime Institute of Biotechnology, China) and then euthanized by cervical dislocation after CO2-induced unconsciousness, after 12 hours. To this end, the animals were placed in sealed chambers where carbon dioxide gas is introduced. Once unconsciousness has been achieved and the animals are restrained in a normal standing position on a firm, flat surface and grasped the base of the tail. To produce the dislocation, quickly push forward and down with the hand or object restraining the head. The effectiveness of dislocation can be verified by feeling for a separation of cervical tissues.
The entire ocular surface was immediately separated as previously described and whole-mounted without any further treatment. The FM1-43-positive cells were directly observed using the DeltaVision Core system (Applied Precision, USA). . To determine whether Merkel cells located on the ocular surface respond to stress, we established a corneal epithelial wound model to observe changes in the ultrastructure of these cells. The wound model was applied as previously described [10] [11] [12] . Briefly, ten mice were anesthetized by an intraperitoneal injection of pentobarbital sodium (Beyotime Institute of Biotechnology, China) (25-50 mg/kg). The central corneal epithelium was demarcated with a 2 mm trephine and removed using a diamond blade for refractive surgery (Accutome, Malvern, PA) under a stereoscopic microscope (XZ6, Olympus, Japan). Care was taken to minimize any injury to the epithelial basement membrane and stroma. Twenty-four hours after wounding, the specimen tissues were processed as described above 8 , fixed, sectioned, stained, and analyzed
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. Finally mice were euthanized by cervical dislocation after CO2-induced unconciousness.
Results
As previously reported, Merkel cells express CK 8 4 . In this study, we first identified the location of CK8-positive cells on the ocular surface. The ocular surface whole-mounts show that CK8-positive cells were localized in the fornix and the palpebral conjunctiva, and CK8-positive immunofluorescence was observed in the membrane, nucleus and cytoplasm of specific cells. We also found that the CK8-positive cells exhibited circular nuclei and visible nucleoli, and the cytoplasmic fluorescence revealed reticular and granular shapes (Figure 1 ). However, we did not find any CK8-immunofluorescence-positive cells in the bulbar conjunctiva. Double immunofluorescence stain showed that there were two kinds of CK8-positive cells on the ocular surface. The types that also stained with Math1 ( Figure 2) were located in the stromal layer of the fornix and the palpebral conjunctiva, the other in the epithelial basal layer (we also identified that the CK8-positive cells in the epithelial basal layer were goblet cells). So we speculated that the Merkel cells were located in the stromal layer and could express Ngn3 (Figure 3 ) and beta-tubulin III (Figure 4) in the cytoplasm.
The classical method to identify Merkel cells has been electron microscopy, so we used TEM to analyze the ultrastructure of the conjunctival cells. As shown in Figure 5 , there is a class of cells contain electron-dense membrane-surrounded granules, mitochondria and intermediate filaments ( Figure 5A ). In addition, these cells exhibited spine-like protrusions of variable lengths from the cell surface ( Figure 5B ) and located in the conjunctival stroma ( Figure 5C ). These characteristics are similar to the ultrastructural features of Merkel cells 4 . The granules were not only observed within these cells ( Figure 5A ) but were also found in the extracellular regions ( Figure 5B ). We also observed some cells that were associated with nerve terminals, forming Merkel cell-neurite complexes with vesicles at the nerve endings ( Figure 5D ). Shrinkage of the membranesurrounded granules and Merkel cells in close proximity to the conjunctival epithelium and nuclear lobulation were investigated after corneal wounding ( Figure 5E ). CK8-specific Merkel cells were observed in the conjunctival stroma by immuno-electron microscopy ( Figure 5F ). A small number of CK8-specific particles were observed in the conjunctival epithelium cells under high magnification (Dataset-1).
It has been reported that the FM1-43 dye is a useful marker for live Merkel cells 13 . Therefore, we used FM1-43 dye to identify conjunctival Merkel cells. Twelve hours after intraperitoneal injection of FM1-43, green fluorescent granules were observed in the cytoplasm of Merkel cells, and nuclear labeling was found in the conjunctiva of the stroma using the deconvolution microscopy ( Figure 1B) . 
Discussion
The conjunctiva is an important part of the ocular surface. It plays a very important role in the process of mucus secretion and immunological reactions. The conjunctiva can be divided into two parts, the conjunctival epithelium and the stroma. The epithelial cells can be further classified into superficial cells, intermediate cells and basal cells 14 . The conjunctiva, similar to the skin and some mucosal tissues, is developmentally derived from the ectoderm. Previous studies have shown that Merkel cells are located in the epithelia of the skin and in the oral mucosa, where they participate in endocrine and mechanoreceptor functions 3,4 . However, their presence on the ocular surface had not yet been confirmed.
The classical method used to identify Merkel cells is to check for their ultrastructure using TEM. Recently, various studies have confirmed that Merkel cells express specific cytokeratins (CK), such as CK8, CK18, CK19, and CK20 [15] [16] [17] , and neuropeptides, such as vasoactive intestinal peptide (VIP) 18 , substance P 19 and calcitonin generelated peptide (CGRP) 20 , and other proteins, such as Math1, neurofilament-H, and neurotrophin-3 In this study, we observed Merkel cells located at the bottom of the basal adjacent stroma in the fornix and the palpebral conjunctiva and the cells could be stained with CK8, Math1, Ngn3 and betatubulin III. This suggests that the Merkel cells in the conjunctival might originate from the neural crest.
The ultrastructure of Merkel cells in the conjunctival stroma exhibits characteristics similar to those of other tissues, such as an electrondense core with membrane-surrounded granules and intermediate filaments ( Figure 5C ). They have spine-like protrusions of variable lengths ( Figure 5B ) 1, 4, 21 , and some Merkel cells make contact with nerve terminals to form Merkel cell-neurite complexes ( Figure 5D ). The conjunctival Merkel cells, however, also have unique features, as they are distributed in the conjunctival stroma and were not associated with keratinocytes ( Figure 5A, B) . In addition, their granules can be visualized not only within the cells ( Figure 5A ) but also in extracellular regions ( Figure 5B ).
The technique of marking live Merkel cells with quinacrine has been employed to differentiate these cells from other epidermal cells in vitro and in vivo. However, the quinacrine dye incorporated by Merkel cells is rapidly lost, thus making the fluorescence very difficult to identify [22] [23] [24] . Another important reason that chloroquine is no longer used is due to the agent's severe toxicity to the optic nerve. Fukuda et al. 13 examined the absorption of FM dyes in Merkel cell cultures and found that FM dyes produce a specific fluorescence that remains sufficiently long to allow for clear identification of Merkel cells. The FM1-43 dye exhibited the best effects as compared with other FM dyes. Our results showed that an intraperitoneal injection of FM1-43 could effectively label the conjunctival stromal Merkel cells in vivo, which may be a useful technique for future studies of Merkel cells.
There is still some controversy regarding the function of Merkel cells. In vitro, neuropeptides secreted from Merkel cells (e.g., VIP and substance P) can promote cell growth and differentiation of keratinocytes and fibroblasts. These neurosecretory substances are released from the Merkel cells and act as neurotransmitters in the Merkel cell-axon complexes 4 . However, the exact function of Merkel cells in the conjunctiva stroma is still unclear. Thus, we established a corneal abrasion model to observe the response of these cells to stress. In this study, we demonstrated that wounding the corneal epithelium can induce nuclear lobulation, and shrinkage of cell-volume and an increase in the membrane-surrounded granules of Merkel cells ( Figure 5E ). These results indicate that Merkel cells in the conjunctival stroma might play an important physiological and pathological role in the stress response of corneal epithelium wounding. Further research work about the functions of the cells is ongoing in our laboratory.
Conclusions
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